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ABSTRACT: This report investigates the excited-state proper-
ties of a series of N-aryl-2,3-naphthalimides along with their
fabrication into OLEDs and electroluminescence measurements.
The N-aryl-2,3-NIs substituted specifically with chloro, fluoro, .
and methoxy substituents were chosen because of their unique “esee
propensity to display two emission bands or panchromatic
fluorescence. Using the Lippert—Mataga analysis along with TD-
DFT calculations, the excited states were determined to be n,z*
and z,7*. The TD-DFT calculations on the geometries of the
excited states indicate that the excited state shows a planar structure. The origin of both the short wavelength (SW) and long
wavelength (LW) emission were correlated to specific geometries such that the SW emission originates from an “angled”
structure in the excited state, and LW emission originates from an excited state of coplanar structure. All of the dyes investigated
readily formed good films under ultrahigh vacuum deposition. The molecular energy levels of these compounds (HOMO and
LUMO) were measured with cyclic voltammetry. Band gaps were also measured in both electrochemical and optical methods
and indicate that the HOMOs of these fluorophores matched well with the anode (ITO work function), and their LUMOs
matched well with the cathode (LiF/Al). To compare photoluminescence of the four dyes with their potential
electroluminescence, three OLED devices were designed and fabricated. The electroluminescent spectra of these devices
indicate that the panchromatic fluorescence, observed in solution, shifts toward the red in the solid-state. A plausible explanation
appears to stem from an inability to inject electrons to the higher LUMO+1 orbitals; a process observed in the solution phase.
Hence, the short wavelength fluorescence peak, a key component to panchromatic luminescence disappears in the OLED device.
The observed EL spectrum from these smaller heteroatomic architectures is on par if not more broadly emissive than rubrene
(5,6,11,12-tetraphenyltetracene), a red-colored C,,H,s polycyclic aromatic hydrocarbon, that displays an orange-color EL
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B INTRODUCTION

Naphthalimides (NIs) have received considerable attention for
both their unique spectroscopic properties and their potential
biological applications.'™® For instance, NIs have been
investigated in site-specific DNA cleavage,”” photodynamic
therapy,” inducing photo-cross-linking of proteins,"’ and light-
induced tissue repair.'' The charge-transfer (CT) character-
istics of NI excited states have also been studied in organic
materials, such as donor—acceptor systems for solar cells,"”
organic light-emitting diodes (OLEDs),"” sensors for metal
ions and protons,"*”"® and potential optical switches operating
in the picosecond time scale."” Interestingly, when the imide
nitrogen is substituted by arenes, NIs can be designed to
display dual-fluorescence and in certain cases panchromatic
emission.”**?! To date, NIs hold the unique advantage of
emitting white light with the smallest molecular architecture
among so-called single-emitter dyes.” This combination of
characteristics is highly desirable, since low molecular weight
dyes represent low temperature deposition possibilities and
facile fabrication techniques.

To follow the evolution of monofluorescent dyes to dual
fluorescent to panchromatic, requires an understanding of their
excited states. Dual fluorescent molecules have been generally
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categorized as either tautomeric systems such as excited-state
proton transfer (ESPT) or the well-established charge-transfer
mechanisms such as intramolecular charge-transfer (ICT) and
twisted intramolecular charge-transfer (TICT).”*' Because of
the rotational dynamics between the C-aryl-N-imide linkage, N-
aryl-2,3-naphthalimides may be expected to exhibit TICT
excited state characteristics. Instead, Berces et al. in their pivotal
publications, concluded that both short wavelength emission
(SW) and long wavelength emission (LW) excited states
originated from a common Franck—Condon state whereupon
subsequent relaxation and emission of the SW originated from
an orthogonal structure and LW emission resulted from a
coplanar structure.”””>* These studies concluded that the
photophysical mechanism for the dual-fluorescent NIs was
neither ESPT nor TICT. Further spectroscopic investigations
of 1,8-NIs demonstrated that two emitting states S; and S, were
responsible for SW and LW fluorescence™™°

This remarkable luminescent feature from such a small
molecular architecture results from a complex interplay of
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excited states and subsequent optical changes via appropriately
placed substituents at either the naphthalic ring or the N-aryl
group. Applications of two-color emission, as well as
panchromatic fluorescence by NI’s, have been reported by
our group with examples of ratiometric probes and white-light
photoluminescence.” The excited state properties of 4-
substituted naphthalimides have been recently investigated for
their charge-transfer states and single-band emission,* however,
the excited state properties of dual-fluorescent N-aryl-2,3-
naphthalimides have not received a similar photophysical
investigation. With an eye toward the next generation of
OLED technology; specifically WOLEDs, this exploration of
NIs aims toward promoting both SW and LW emission to yield
not just dual fluorescence but rather panchromatic emission.
NIs belong to a class of chromophores where spectroscopic and
photophysical properties can be readily changed through (1)
the position of the dicarboximide attached to the naphthalene
ring, such as 1,2-NI, 2,3-NI, or 1,8-NI****! shown in Figure 1,

N T
o5 OXO

N-phenyl-1,2-NI N-phenyl-2,3-NI N-phenyl-1,8-NI

Figure 1. Chemical structures of isomeric N-phenyl-naphthalimides.

(2) the nature of substituents located on the naphthalene
ring,1’4_6’19’22’29’31 such as electron-withdrawing groups or
electron-donating groups, and (3) the nature of substituents
attached to the imide group. Regardless of the constitutional
isomerism for N-aryl-1,2-NI, -2,3-NJ, and -1,8-NI (Figure 1), a
common similarity exists: electron-withdrawing groups (EWG)
on either the naphthalene ring or phenyl ring promotes SW
emission, and electron-donating groups (EDG) on both sides
promote LW emission.”””** In addition, all NIs exhibit dual
emission that is viscosity, temperature, and solvent dependent
making them ideal probes for a number of analytical
applications.”*’

Among N-aryl-NI isomers, the N-aryl-2,3-NIs have the
highest potential for application in WOLEDs because of their
high quantum yield, panchromatic emission, small molecular
weight ideal for vacuum deposition, and easy synthesis and
purification by recrystallization and sublimation.”® Despite such
promising applications of substituted N-aryl-2,3-NIs, relatively
few fundamental studies regardin% their photophysical and
solvatochromic properties exist.”” Herein, we present a
comprehensive study into four promising dyes panchromatic
fluorescent dyes. The four compounds investigated in this
paper are listed in Chart 1, and denoted as F-OCH;, F-20CHj,
CI-NH,, and NO,/CI-NH,, respectively. The synthesis of each
one along with spectrometric characterization is described
within the Supporting Information section of the manuscript.
This investigation includes insights into their ground and
excited states via density functional theory (DFT)/ time-
dependent DFT (TD-DFT) calculations and experimental
analyses that include solvent-dependent steady-state absorption
and fluorescence data and excited state lifetimes. Finally, we
describe a direct application of their photoluminescence toward
WOLED fabrication and evaluation as potential electro-
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luminescent materials. The findings should provide insights
toward further development of these small molecule systems
with predictable outcomes in the transitional development from
fundamental photoluminescence studies to electroluminescent
materials.

B EXPERIMENTAL SECTION

Materials. Hexane (HPLC grade), toluene (HPLC grade),
ethyl acetate (HPLC grade), chloroform (HPLC grade),
methylene chloride (HPLC grade), ethanol, acetonitrile
(HPLC grade), dimethyl sulfoxide (DMSO, HPLC grade),
methanol, and acetic acid were purchased from Fisher
Scientific. All the other chemicals were purchased from
Sigma-Aldrich.

General Characterizations. 'H NMR spectra were
obtained on a JEOL Eclipse+ 300 MHz and Bruker 400
MHz spectrometer. Chemical shifts (§) are reported in parts
per million (PPM) relative to TMS standard (0 ppm). Proton-
decoupled '*C NMR spectra were obtained on JEOL Eclipse
300+ (75 MHz) spectrometer. '3C chemical shifts are reported
relative to TMS. IR stretches are given in cm™} spectra were
obtained on an Avatar 360 FTIR.

UV/Vis Steady-State Measurements. For fluorescence
measurements, the concentration of each 2,3-NI solution was
prepared so that the absorption at the wavelength of maximum
absorption was in the range of 0.10—0.15. Fluorescence spectra
were collected using SPEX Fluoromax-3, with xenon arc lamp
in 10 mm quartz cells. UV/vis measurements were carried out
on HP 8453 spectrometer with 10 mm quartz cuvette. Thin-
layer chromatography (TLC) analysis was performed using
Whatman adsorption silica gel plates (60 A, F254, 2.50 MM).

Fluorescence Lifetime Measurements. Fluorescence
emission spectra were taken with two instruments. The first
set was taken with a PTI spectrofluorometer (Photon
Technology International, NJ) with excitation and emission
slits set for a 5 nm bandwidth at certain wavelength. The
lifetime measurement is using an associated LED (310 nm)
light source, the result is fitted according to the Instrument
Response Function (IRF) through 1-to-4 exponent lifetime
program by PTI Felix 32 software. The second set was acquired
by using a Jobin Yvon FluoroLog spectrofluorometer (Horiba)
equipped with a 450 W xenon lamp (250—700 nm) coupled to
a monochromator, to provide a range of selected excitation
wavelengths. The emission spectra were collected in a right-
angle geometry and subsequently scaled for the excitation
intensity, and corrected for spectral sensitivity of the detector.
The PL QY has been determined using an integrating sphere
with a 150 W xenon lamp coupled to a spectrometer (Solar,
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MSA-130) as an excitation source. The emission and excitation
light is scattered diffusively in the integrating sphere and
detected by using a CCD (Hamamatsu $10141-1108S) coupled
to a second spectrometer (Solar, M266).

Fluorescence Quantum Yield. The room temperature
luminescence quantum yields were measured at a single
excitation wavelength referenced to quinine sulfate in sulfuric
acid aqueous solution (® = 0.546), and calculated according to
the following equation.”

)2

I unk A unk Munk
I std A std Mged

where @, is the radiative quantum yield of the sample; @ is
the radiative quantum yield of the standard; I, and I, are the
integrated emission intensities of the sample and standard,
respectively; A, and Ay are the absorption of the sample and
standard at the excitation wavelength, respectively; and n,,; and
f4q are the indexes of the refraction of the sample and standard
solutions (pure solvents were assumed), respectively.

Cyclic Voltammetry. CV measurements in this study were
conducted on a computer-controlled CH electrochemical
analyzer with a conventional three-electrode cell setup under
argon atmosphere in a deoxygenated anhydrous acetonitrile
solution of 0.1 M tetrabutylammonium hexafluorophosphate
(Bu,NPFy). A coiled Pt wire was used as the counter electrode,
a 3 mm diameter glassy carbon as the working electrode, and an
Ag/Ag" (001 M AgNO; in acetonitrile) pseudoreference
electrode was used as the reference electrode. All the CVs were
performed at room temperature. The sample with concen-
tration of 10~* M was dissolved in the solution. The CV curves
were calibrated using the ferrocene/ferrocenium (Fc/Fc")
redox couple as an internal standard, which was measured
under the same condition after the measurement of samples.
The CV measurements were achieved at a scan rate of 100 mV
s7.. The potentials in these CVs are plotted versus the
ferrocenium/ferrocene redox couple. Each CV was recorded
using an initial potential of —0.6 V, scanning cathodically to a
switching potential of —2.6 V and then scanning anodically to a
switching potential of +0.6 V with a final potential of —0.6 V.

OLEDs Fabrication and Characterization. The organic
layers were sequentially deposited by thermal evaporation in a
vacuum chamber. The background pressure of the evaporation
was less than 2 X 107° mbar. The deposition rate of organic
materials was kept 0.5—2.5 A/s. Metals (magnesium, aluminum,
or silver) were deposited onto the organic layer by thermal
deposition, too. The rate of metal deposition was maintained at
2—5 A/s. The layer thickness was monitored in situ using a
quartz crystal oscillator in the chamber. The active area of the
device was 9 mm” as defined by the homemade shadow mask.
After the devices were fabricated, the EL spectrum was
measured with an Avantes Spectrometer 2048L. The
current—voltage characteristics of the devices were measured
with Keithley 2400. The current density—voltage character-
istics, and the electroluminescent spectra were measured at
room temperature and under an ambient atmosphere.

0]

unk —

B RESULTS AND DISCUSSION

UV/Vis Absorption Measurements. The UV—vis absorp-
tion spectra of the four N-aryl-2,3-naphthalimides (Chart 1)
included in this study are shown in Figure 2. To ensure the
various absorption peaks were not due to aggregation, a series
of spectra were taken on new dye F-20CH; over a
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Figure 2. Normalized absorbance spectra of CI-NH, and NO,/Cl-
NH, in water and F-OCH; and F-20CHj; in hexane.

concentration range of 1 X 10° M to 1 X 107* M (see
Supporting Information) and found to have the identical line
shape even well above optical densities of one. Dye F-20CH,
shows a strong and structured absorption band around 340—
360 nm, and a moderate and broad peak centered at 390 nm.
The medium-intense absorption maxima for F-OCH; appear
around 340 to 360 nm and in the case of CI-NH, spectrum, a
medium-intense peak around 360 nm is pronounced by a very
broad absorbance. When dissolved in water, NO,/CI-NH,
displays the largest degree of panchromatic absorption
spectrum with three broad absorbance peaks centered around
370, 460, and 510 nm, respectively; the intensity of 370 nm is
slightly stronger. All of the NI derivatives show broad
absorption bands consistent with the presence of CT excited
states.”

To further investigate the nature of the excited states of the
four NI derivatives, the effects of solvent polarity on the
absorbance maxima were studied. The correlation between the
solvent polarity and the absorption maximum shift is described
by the Lippert equations eq 1 and 2.*%*

2~ 1)
S e

a9

g, = bl —
(1)

In these equations, hvs,, and hvh™ are the corresponding
energies in a given solvent and in the vacuum; y, and y, are
dipole moments for a molecule in the ground and excited
states, respectively; a, is the molecular Onsager radius; f(&,n) is
a function that depends on the relative permittivity (¢) and
refractive index (n) of the solvent and is described by equation
eq 2. The energy difference between the ground and excited
states is determined by the two terms: the first term is the low
frequency polarizability of the solvent and the second term is
the high frequency polarization of the solvent.

2

e—1 n —1

2e 41 2 +1
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Application of the Lippert equations via plots of either the
absorption or emission maxima versus the orientation polar-
ization (Af) of the solvent media gives an approximation of the
fluorophore’s sensitivity to solvent polarity. The slope of these
plots could be positive, negative or zero. If the slope is positive,
the excited state dipole moment is smaller than the dipole
moment of the ground state (g, < /lg), this situation occurs in
compounds that exhibit n,7* excited states. The absorption and
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Figure 3. Lippert—Mataga plots of the absorbance of F-OCHj (left) and F-20CH; (right) at both SW (top line, both plots) and LW (bottom line,

both plots).

emission maxima are expected to blue-shift with increasing
solvent polarity. If the slope is negative, the excited state dipole
moment is larger than the dipole moment of the ground states
(. > ,ug) , this situation occurs in molecules with charge transfer
(CT) and mz* excited states. The absorption and emission
maxima should display a red-shift as a result increasing solvent
polarity. Finally, if the slope is zero, there is no net change in
dipole moment (4, < i) in both ground and excited states.
Figure 3 plots the changes in the absorption maxima v, of
F-OCHj; and F-20CH; as a function of the solvent’s f function.
CI-NH, and NO,/CI-NH, were not investigated using the
Lippert—Mataga analysis because of their poor solubility in
aprotic solvents.”* The wavelength range of 340—360 nm was
selected since these values represent the lowest energy
absorption band with the expectation that such electronic
transitions originate from frontier orbitals. Both 340 and 360
nm are denoted as short wave (SW) and long wave (LW)
wavelength, respectively. Lippert—Mataga plots on F-OCH,
and F-20CHj showed similar results where both SW and LW
absorption maxima displayed an initial red-shift (negative
slope) with increasing solvent polarity. This trend occurs in
compounds that exhibit CT and #—7* excited states. However,
upon increasing the polarity of the solvents, both SW and LW
exhibit a blue-shift (positive slope); an observation consistent
with n—z* excited states. If the absorbed light produced only
(n—n*), a blue-shift in the absorption trend is expected. On the
other hand, a trend toward red-shift in absorption is expected if
the absorbed light generates (ICT and z—z*). However, as
determined by the Lippert analysis, the observation of both
bathochromic and hypsochromic shifts of the absorbance
maxima indicates mixed excited states. These results corrobo-
rate the conclusions of previous publications wherein the
absorption of light produces primarily two excited states (n—z*
and 7—7n*), and show different excited state characteristics
based on the environmental polarity. The SW and LW of the
absorbance maxima for both F-OCHj; and F-20CHy; in solvents
of various polarities are listed in the Supporting Information.
Fluorescence Measurements. The fluorescence spectra of
all the N-aryl-2,3-naphthalimides (F-OCH;, F-20CH,, CI-NH,,
and NO,/CI-NH,) are shown in Figure 4. All these solutions
exhibited broad emission spectra over the range 400—700 nm
upon corresponding excitation wavelengths. NI derivative F-
OCHj; in ethyl acetate was excited at 310 nm, and displays dual-
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Figure 4. Fluorescence spectra of F-OCHj in EtOAc at A, 310 nm, F-
20CHj; in cyclohexane at 4., 330 nm; CI-NH, in methanol at 4., 340
nm, and NO,/CI-NH, in water at 4,, 430 nm. Hence, the emission
data for NO,/CI-NH, appears truncated and begins 30 nm after 430
nm excitation wavelength.

fluorescence at SW (370 nm) and LW (520 nm). F-20CH; in
cyclohexane was excited at 330 nm with dual-fluorescence SW
emission at 390 nm and LW emission at 570 nm. Comparing
fluorescence spectra of F-OCH; and F-20CHj, both SW and
LW emission bands of F-20CHj; are red-shifted because of the
stronger electron-donating group on the N-aryl ring and
extended conjugation. In less-polar aprotic solvents, both F-
OCH; and F-20CH, display dual-fluorescence. The LW
emission was reduced significantly in polar (protic and aprotic)
solvents for F-OCH; and F-20CHS,, especially for F-20CHj,,
LW emission was completely quenched in polar solvents such
as acetonitrile and dimethyl sulfoxide. Compared with the
spectroscopic properties of F-OCH; and F-20CHj;, NO,/Cl-
NH,, and CI-NH, displayed very different spectral features. In
protic solvents such as water and methanol, NO,/CI-NH,
exhibited panchromatic emission from 470 to 650 nm with
an excitation wavelength of 430 nm, whereas CI-NH, displayed
a broader emission profile in similar solvent conditions. All
fluorescence measurements were conducted at a concentration
of 107> M. The quantum yields of F-OCH,, F-20CH,, CI-NH,,
and NO,/CI-NH, are 16%, 21%, 5%, and 46%, respectively.
To further investigate the nature of the excited states of these
compounds, the effects of the solvent polarity on the emission
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maxima were also studied. The correlation between the solvent
polarity and the emission maximum shift are described similarly

to the absorption analysis by Lippert equations *:**
2u(m — 1)
hvg,, = hye™ — g—sg X f(e, n)
4o 3)

In these equations, hv, and hvf™ are the corresponding
energies in a given solvent and in the vacuum; terms like 4, 4.,
ag, and f(e,n) are detailed in the previous section. In contrast
with the absorbance, the emitting fluorophore is exposed to the
relaxed environment, which contains solvent molecules
oriented around the dipole moment of the excited state. The
high sensitivity to solvents is due to a charge shift. If the solvent
is polar, then a species with charge separation (Intramolecular
Charge Transfer, ICT) state may become the lowest energy
state. In a nonpolar solvent the species without charge
separation, the so-called locally excited state, may have the
lowest energy. Hence, the role of solvent polarity is not only to
lower the energy of excited states due to general solvent effects,
but also to govern which state has the lowest energy. Figure 5
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Figure S. Lippert—Mataga plots of the SW fluorescence of F-OCHj
(top) and F-20CHj (bottom).

vx 1073 (cm™)

plots the changes in the SW fluorescence maxima v, of F-
OCHj; and F-20CHj as a function of the solvent’s f function.
The fluorescence spectra in various solvents for these dyes are
included in Figures S8 and S10 in the supporting info.

Figure S shows the Lippert—Mataga plot of SW of F-OCHj
in various solvents giving a negative slope in less-polar solvents,
and a positive slope in polar solvent. These results indicate that
there are at least two different excited state species (z,7* and
n,7*) responsible for the SW fluorescence. These results agree
well with the characterization of the excited states acquired via
optical absorption. However, the effect of solvent polarity on
the emission is not always comparable to observations from
absorption maxima. For example, F-20CHj; exhibits a bath-
ochromic shift (4 nm) in nonpolar solvents and a
hypsochromic shift (6 nm) in polar solvents for the absorption
maximum, whereas a red shift of 40 nm is observed for its
emission maximum at SW. Such trends point to an emissive
state from F-20CHj; that differs from one produced upon light
absorption. Thus, upon light absorption, it appears that both
n—z* and 7—7* are produced. With respect to SW emission,
we therefore conclude that 7—z* and charge transfer features
predominate. In the computational section (vide infra), these
assignments along with their excited state designations (S;, S,)
are supported with the use of DFT and TD-DFT calculations.
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Fluorescence at Long Wavelength (LW). The Lippert—
Mataga graph shown in Figure 6 plots the LW emission maxima
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Figure 6. Lippert—Mataga plot of the LW fluorescence of F-OCH,.

for F-OCHj in various solvents rather flat to slightly negative
slope and is therefore not a strong indication of a polar CT
possibly with z—7z* character. For F-OCH;, the observed
solvatochromic behavior of LW fluorescence was consistent
with Berces’ results on the parent N-phenyl-2,3-naphthali-
mide.”> For F-20CH;, LW emission was present only in
hexane and toluene (Supporting Information). In more polar
solvents, the LW emission was completely absent; whereas in
comparisons with solvents hexane and toluene the LW
fluorescence of F-20CH; trended with an approximately 100
nm shift toward the red, providing a better possibility of an
excited state of CT and 7, 7* character. Within the limited
range of solubility for F-20CHj;, we compare LW emission
maxima between F-20CH; and F-OCH; to find that F-OCHj,
fluorescent peak occurs at 530 nm, whereas LW maxima for F-
20CH; occurs at 610 nm, we attribute the 80 nm
bathochromic difference between these dyes to an increasing
CT character from the stronger electron-donating moiety of the
F-20CH,.”

Although the TICT mechanism has been attributed to
several dual fluorescent dyes, our results support prior studies
that point to an excited state with extended conjugation
(ESEC). For a TICT mechanism to be considered, the
emission from such a polar state occurs at Ion% wavelengths
and is strongly dependent on the solvent polarity.” In our case,
the LW emission from F-OCH; shows a small variation in Au
(4.1 D) between the ground state and the excited state, as
deduced from the plot of v, versus A¢, and is therefore
incompatible with an emission originating from a TICT-type
species. Moreover, a rather large change in dipole moment for
the molecule is expected via TICT when electric charge has
been transferred from the donor moiety to the acceptor part of
the molecule.”® Such a change in dipole moment would cause a
large shift (3000—5000 cm™') in the position of the
fluorescence maximum.”’ However, only a 780 cm™" shift was
observed for F-OCH; when hexane was replaced by
acetonitrile, thus lending support to the aforementioned
ESEC excited state model.

Lifetime Measurements of the Fluorescence. To
ascertain the number of potential excited states, fluorescent
lifetime measurements were conducted in both polar and
nonpolar solvents. For F-OCHj; two excited states were
identified for SW emission and one excited state attributed to
LW emission (Figure 7). As tabulated below (Table 1) the two
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Figure 7. Fluorescence lifetime measurement of F-OCHj in hexane.

excited states responsible for SW emission are composed of
50% of 0.85 ns along with 50% of 3.2 ns in hexane. The parity
of these excited states is altered in the case of acetonitrile at
60% of 0.29 ns and 40% of 2.3 ns and even greater disparity
with CH,Cl, at 10% of 0.44 ns and 90% of 2.9 ns. While these
trends in SW excited state composition do not trend directly
with solvent dielectric constant, solvent viscosity may play a
role since hexane has the lowest viscosity (0.30 mPas) and
dichloromethane is the most viscous (0.41 mPa-s) of the three
solvents. Overall, these results comparing SW vs LW emission
agree well with the predictions from the Lippert—Mataga
analysis on both absorbance and emission maxima. Along with
Lippert—Mataga analysis, we are able to assign the short-lived
lifetime excited state (0.85, 0.44, and 0.29 ns) to (n—z*), and
the relatively long-lived lifetime excited state (3.2, 2.9, and 2.3
ns) to (7—x*). Furthermore, these designations correlate with
the assignments of Glusac et al. on related 4-substituted-1,8-
naphthalimides.”

Whereas Lippert—Mataga analysis predicted at least one
dominant character (7—z*) for the SW emission region of F-
20CH;, the lifetime measurements within the SW emission
region indicate that there are two excited states. However, for
all these excited states in various solvents, there is
predominantly one species. In ethyl acetate, the excited states
of SW were composed of singlet-excited states of 3.4 ns (81%)
and 33 ns (16.5%), and an additional yet negligible triplet state
T, of 2.5%. In hexane and toluene, the dominant excited
species are singlets 2.2 ns with concentration of 88.6%, and 2.3

ns with 72.8%, respectively. According to the predictions of
Lippert—Mataga analysis, the character of this excited state
consists of CT and 7—x*. It is difficult to assign the character of
the relatively long-lived excited states at this point. However,
considering the species produced upon light absorption, this
longer-lived excited state appears to exhibit n—z* character.
Interestingly, a comparison between the above n—z* state
lifetimes of F-OCH; and F-20CHj; indicates notably longer
lifetimes for F-20CH;. While we cannot state with certainty,
one factor that may account for these differences appears in the
computational geometries of ground state versus excited state
in the next section. Since F-20CH; has a smaller angular
change from 42° to 20° versus F-OCH; with an angular
dynamic change of 42° to 16°, this finding suggests decreased
internal conversion for F-20CH; presumably due to a bulkier
N-aryl group and corresponding reduced rotational freedom
within the excited time frame.

Similar fluorescent lifetime trends were observed for CI-NH,
and CI/NO,—NH, where both SW and LW emissive
components contribute to the broad-spectrum fluorescence.
However, both of these dyes displayed a longer LW excited
state lifetimes of 7.3 ns (10%) and 13.8 ns (78%) compared to
SW at 1.2 ns (44%) and 2.84 ns (46%) for CI-NH,. The LW
emission of CI/NO,—NH, recorded at 4.2 ns (59%), 9.7 (18%)
relative to SW emission at 1.02 ns (19%) and 0.49 ns (7%).
These longer excited state lifetimes correspond to brighter LW
emission components for both systems thus leading to greater
parity between LW and SW regions of the optical spectrum
than either FOCH; or F-20CH,.

Time-Dependent (TD)-DFT Calculations. All of the
calculations were performed with the Gaussian 09 software
package.”” The ground-states geometries were optimized using
Becke’s three-parameter hybrid exchange functional with the
Lee—Yang—Parr correction functional (B3LYP) method®® in
conjunction with the 6-31G(d) basis set.”” To validate the
computational method, we compared the calculated electronic
absorption maxima of these dyes with those obtained
experimentally (Table 2). Absorption maxima were obtained
by employing TD-DFT/6-31G(d) calculations. The singlet-
excited geometry was calculated using TD-DFT." The effects
of solvation on the vertical excitation energies were computed
with Tomasi’s polarizable continuum model (PCM)**1 7% at
the TD-B3LYP/6-31G(d) level of theory as implemented in
Gaussian 09.

The calculated small oscillator strengths (f) for S; (transition
between HOMO and LUMO) on F-OCH;, F-20CH;, and Cl-
NH, lend strong support for the formation of S, upon light

Table 1. Excited State Lifetime of F-OCH;, F-20CH; CINH, and NO,/CI-NH, in Various Solvents along with Relative
Concentrations, with Values Extracted from the Supporting Information

7 (ns (%))

dye SW*
F-OCH, 0.85 (50%); 3.2 (50%)“a
0.44 (10%); 2.9 (90%)"
0.29 (60%); 2.3 (40%)°
F-20CH, 2.2 (88.6%); 18 (11.4%)“
2.3 (72.8%); 9.8 (23.2%)
3.4 (81%); 33 (16.5%); T, (2.5%)°
CI-NH, 1.2 (44%); 2.84 (46%)"
NO,/CI-NH, 0.49 (14%); 1.02 (38%)

“In hexane. ®In CH,CL,. “In acetonitrile. “In toluene. °In EtOAc. 'DMSO.
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LW
0.85 (100%)
0.42 (100%)
0.89 (100%)
0.08 (94.3%); 4.33 (5.7%)

7.3 (10%); 13.8 (78%)
42 (59%); 9.7(18%)"
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Table 2. Comparison of Experimental Absorption Maxima of 2,3-NIs with the Calculated S, S,, and S; Excited States Using TD-

DFT
N S, S
compd Aexp (nm) A (nm) &, 2 (nm) 1 A (nm) I
F-OCH; - 4057 0.0040 365 0.1358 326 0.2500
3S5S; 338 403" 0.0051 359 0.1364 333 0.4024
363; 346.5 397 0.0049 351 0.0049 336 0.5936
360; 343 3957 0.0046 350 0.0040 334 0.5880
F-20CH; - 5817 0.0014 518 0.1652 340 0.0061
353; 337 577" 0.0016 507 0.2002 340 0.0350
358; 345 564 0.001S5 486 0.2131 342 0.3187
358; 341 559< 0.0014 479 0.2120 343 0.3144
CINH, - 4507 0.0028 410 0.1697 323 0.1161
- 461° 0.0036 401 0.2206 333 0.2636
- 4617 0.0034 398 0.2116 334 0.2654
365 448° 0.0033 393 0.2077 332 0.2492
NO,/CI-NH, - 6717 0.0915 452 0.1091 427 0.1240
- 843° 0.1205 487 0.1475 465 0.1719
- 864< 0.1161 489 0.1387 470 0.1691
510; 480; 365 541" 0.0402 448 0.1042 377 0.2227
“Gas phase. bHeptane. °CH,Cl,. #Acetonitrile. *Methanol. /H,0.
absorption. For F-OCH; and F-20CHj;, the oscillator strengths « ¢ < s
point to S, and S;. Upon light excitation, there are two different e ‘Fﬁ)’ o€ "‘ . sﬁm .
singlet-excited states formed. These findings agree well with H s B . : <. t,ér‘;“
Lippert—Mataga analysis on the absorbance maxima. Although ¢ & ¢ 0~ :Q‘
the Lippert—Mataga analysis was not extended to NO,/CI-NH, 1‘* M LA - ¢ \\:4 ©
due to solubility limitations, the absorbance predicted by TD- .‘\% b vy “z ¢
DFT/PCM for this dye is also consistent with the experimental L2 d ‘e ‘\z\ & s O
findings. The experimental absorption maxima in water occur at “:‘k “\: w‘t - zx . \"l‘m
510, 480, and 365 nm; and the calculated absorbance peaks ce « :b.""'t&' QJ'J\ ‘%‘:‘&

align at 541, 448, and 337 nm, respectively. The calculated
oscillator strengths (f) for S;, S,, and S; in water also match
well with the absorption intensity observed in water. For Cl-
NH,, it seems that the observed absorbance at 365 nm points
to an S, excited state, although we cannot discount the
possibility that an S; excited state was produced in the Franck—
Condon state. The calculations also showed that S; and S, are
mixed states for NO,/CI-NH,, as are S, and S; for F-OCH,,.

Ground-State Optimizations and Absorbance Calcu-
lations. An X-ray analysis on the N-phenyl-2,3-naphthalimide
reported the dihedral angle between the plane of the aryl and
the naphthalene ring was 60°.”” Figure 8 shows the ground
states of the four 2,3-NIs and indicates a similar nonplanar
dihedral angle of ~45° between the naphthalene plane and the
aryl rings. From the ground state optimization, the lengths of
the two N—C bonds between the nitrogen atom and the carbon
atoms of the two carbonyl groups are almost identical (1.42 A)
but shorter than N—C bond (1.43 A) connecting N-phenyl.

However, for the excited states, the lengths of the two N—C
bonds between the nitrogen atom and the carbon atoms of the
two carbonyl groups increased to 149 A. The N—C bond
connecting N-phenyl decreased from 1.43 to 1.37 A, which
indicated higher bonder order (i.e., double-bond character) of
these single bonds, and stronger conjugation between the two
planes. These dihedral angles also decreased to 10, 20, 16, and
27°, respectively. Thus, the geometries of these excited states
assume a more planar configuration, which supports the excited
state with the extended conjugation (ESEC) model.

The calculated electron density distributions of the frontier
orbitals are shown in Figure 9. The HOMO:s for all four 2,3-NIs
exhibit nonbonding characteristics because of the localized
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Figure 8. Calculated geometries for the ground- and excited states of
2,3-NIs. The angle @ represents the dihedral angle between the
naphthalene plane and the aryl ring.

electron density distribution on carbonyl and methoxy groups.
The electron density distribution of HOMO—1 on F-OCH,
and CI-NH, localized on the 2,3-naphthalene ring displays 7—
bonding character and the electron density distribution of
HOMO-1 on F-20CH; and NO,/CI-NH, located on the N-
aryl ring shows 7-bonding character as well. Both LUMO and
LUMO+1 representations of all four N-2,3-NIs display a similar
7% character with virtual molecular orbital distribution located
mainly on the 2,3-naphthalene ring. The molecular orbitals for
HOMO and HOMO-1 illustrate patterns of electron density
localized on either the N-aryl or 2,3-NI ring. Therefore, with
the analysis on the electron density distributions of these
frontier orbitals, it is reasonable to assign the 7—n* charge

DOI: 10.1021/acs jpca.7b08110
J. Phys. Chem. A 2017, 121, 9708-9719


http://dx.doi.org/10.1021/acs.jpca.7b08110

The Journal of Physical Chemistry A

'.:’.é; $¢  LUMO+I

Qﬁi.‘;;;.; LUMO
QAR

Energy

Hiiege  mHowo

F-OCH, F-20CH; CI-NH, NO,/CI-NH,

Figure 9. Calculated electron density distribution plots for the frontier
orbitals of the four N-aryl-2,3-NIs.

transfer transition between HOMO and LUMO as S;, and S,
and n—7z* with the transition between HOMO and LUMO+1,
respectively. S; exhibits 7—a* character with the transition
occurring between HOMO—1 and LUMO on F-OCH; and CI-
NH, while the S; on F-20CH; and NO,/CI-NH, exhibits
charge transfer character. Combining the Lippert—Mataga
analysis on the absorbance maxima, it seems reasonable to
conclude that the excited states with mixed characters for the
absorbance originate from S; and either S, or S,.
Excited-State Optimizations and Fluorescence Calcu-
lations. To elucidate whether an S, or S, state was produced
upon the absorption of light, the electronic absorption maxima
of 2,3-NIs were calculated in various solvents and compared
with those obtained experimentally. The computations were
performed in both gas phase and with solvent effects, and were
compared with the experimental results in various solvents
(Table 3). We performed TD-DFT/PCM calculations on the
emission maxima of these molecules in both gas-state and
various solvents. The optimized geometries of the 2,3-NIs
reveal a more planar structure. Since the report by Berces et al.
on the parent N-phenyl-2,3-NI showed that only LW emission
originates from the planar structure.”” To elucidate the LW
emission, we calculated fluorescence maxima of the N-aryl-2,3-

NIs with the planar structure. The comparison of experimental
fluorescence A, of the 2,3-NIs along with the calculated values
using TD-DFT for S, S, and S; excited states are shown in
Table 3. In comparing the Lippert—Mataga analysis on the LW
emission maxima (Supporting Information) for both F-OCH,
and limited values obtained for F-20CHj;, we find that the
slope is relatively flat and just slightly negative with indications
of an excited state with weak ICT character. Interestingly, for
both F-OCH; and F-20CHj; the calculated S, state with
highest oscillator strength showed an opposite blue shift with
increasing polarity of solvents. Thus, with relatively flat slope
indications from our Lippert—Mataga analysis, computational
results point to emission wavelengths correlating to oscillator
strengths originative from an S, excited state. The calculated
electron density distributions of the frontier orbitals of the
different 2,3-NIs are presented in Figure 10. The calculated
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Figure 10. Calculated difference density plots for the frontier
molecular orbitals of the excited 2,3-NIs. The red and green surfaces
correspond to opposite amplitudes of the orbital wave function.

difference density plots represent excited states whereby
occupied and virtual molecular orbitals have singly occupied

Table 3. Comparison of Experimental Fluorescence Maxima of the 2,3-NIs with the Calculated Wavelengths and Oscillator

Strengths Using TD-DFT for S,, S,, and S; Excited States

S, S, S,
compd Aerp (nm) 4 (nm) & 4 (nm) fa 4 (nm) f3
F-OCH, a 695 0.0039 466 0.3177 374 0.0006
506; 355° 673 0.0052 457 0.3916 365 0.3449
521; 376° 635 0.0048 431 0.3239 372 0.6272
524; 3614 625 0.0044 424 0.2730 373 0.6623
F-20CH, a 1151 0.0012 742 0.0973 486 0.0002
390; 576" 1034 0.0012 681 0.1149 463 0.0002
393° 903 0.0010 608 0.1200 434 0.0002
3957 871 0.0009 590 0.1190 427 0.0002
CINH, a 789 0.0030 519 0.3473 371 0.0003
¢ 787 0.0039 502 04378 362 04318
d 760 0.0036 491 04148 361 04217
442, 525° 784 0.0036 495 04174 363 04378
NO,/CI-NH, a 852 0.0670 572 0.1712 452 0.0951
c 877 0.0841 564 0.1681 455 0.1642
d 870 0.0796 560 0.1533 452 0.1672
492, 520, 595" 910 0.0792 574 0.1421 459 0.1943

“Gas phase. bHeptane. °CH,Cl,. #Acetonitrile. *Methanol. 'H,0.
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molecular orbitals (SOMOs). The S, state with charge-transfer
in the polar solvent is stabilized to the extent that the energy
level of S, becomes lowered signiﬁcamtly.4 Assignment of the S,
charge-transfer state to the HOMO to LUMO+1 transition is
also consistent with Berces’ results.”’ For NO,/CI-NH,, the
dihedral angle between the naphthalene ring and the aryl ring
optimized to 27°. The small dihedral angle changes (15°) from
that of the ground state (dihedral of 42°) was not significant to
change the electron distribution dramatically on the frontier
orbitals of the excites states. Therefore, the multiexcited states
in the absorbance cause multiemission maxima. These results
are supported by the large oscillator strengths (f) of S, S,, and
S; in both calculated absorbance and emission maxima, which
agreed well with the experimental broad absorbance and
emission spectra.

In comparing the Lippert—Mataga analysis of the emission
maxima, the changes in the sign of the graphical slope indicate
that the excited states emitting in the SW region have a mixed
excited state character of n,7* and 7z,7%*. Therefore, it is difficult
to explain the mixed characters of the SW emission with only a
planar structure. Compared with the Lippert—Mataga analysis
on the excited states of both absorbance and emission maxima,
the spectral features of both absorbance and emission maxima
at SW revealed similar results. Therefore, it is reasonable to
assume that the SW emission originates from a geometry that
approximates the ground state, and differs from the planar
excited state geometry.

Electroluminescent Device Fabrication and Measure-
ments. With our two communications among the first
reported N-aryl-2,3-napthalimides panchromatic fluorescent
dyes, the considerable number of citations prompted us to
expand these photoluminescent solvent studies to electro-
luminescent WOLEDs." Since those early entries, relatively
few small-molecule dyes have been reported to display white
light emission.”’ > The widely used approach for a single
chromophore to achieve white electroluminescence is taken via
short-wavelength fluorescence from the electron—hole recom-
bination in an individual molecule and the broad longer-
wavelength fluorescence from the intermolecular interactions.
The intermolecular interactions usually originate from the
formation of excimers, electromers, and aggregates.”® However,
these strategies suffer from some inherent problems. For
example, the formation of some intermolecular species
decreases the quantum yields of the WOLEDs. Details for
the optimization and fabrication of an OLED device via a series
of comparisons between solution and solid-state photo-
luminescent studies are described in the Supporting Informa-
tion. This section includes determination of the band gaps for
the four N-aryl-napthalimide dyes from cyclic voltammetry
measurements along with their thin-film deposition via high-
vacuum thermal deposition. Following several different
fabrication designs and iterations of various layered systems, a
four-layer structure (Figure 11) was fabricated for optimal
performance (see Supporting Information for prior device
layering and fabrication).

A Four-Layer Structure OLED. The optimized devices
have a four layer structure of ITO/m-MTDATA [4,4',4” tris(N-
3-methylphenyl-N-phenylamino)triphenylamine] (60 nm)/
NPB (20 nm)/EM (100 nm)/Alq; (20 nm)/LiF (1 nm)/Al
(300 nm). m-MTDATA is a well-accepted hole injection and
transportation material.”” The HOMO and LUMO energy
levels of m-MTDATA are 5.1 and 1.9 eV, respectively. With
HOMO energy level of 5.1 eV, lying between the HOMO of
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Figure 11. Four-layer structure WOLED along with energy levels
combined with work functions of cathode and anode.

ITO (4.7 eV) and NPB (5.4 eV), the hole injection and
transportation ability of these devices would be improved. With
such a high LUMO energy level, m-MTDATA could also serve
as the electron blocking layer for the devices. Device 1 was
fabricated with emissive material F-OCHj, device 2 with F-
20CH;, device 3 from CI-NH,, and device 4 with NO,/Cl-
NH,. The J—V and electroluminescence spectra devices 1 and 2
are shown in Figure 12.

800

45 ——F-OCH3

—4*—F-20CH3
600
500
400

300

Current density (mA/cm?)

6 8 10 12
Voltage/V

Figure 12. Current density—voltage characteristics for the device 1 and
2.

The estimated turn-on voltages for device 1 and 2 were
lowered to S and 4 V, respectively, which indicated that the
charge injection of the devices was improved by inserting the
fourth layer as a hole-injection layer. The light emission from
devices 1 and 2 showed the same color. Devices 3 and 4, (in
Supporting Information) displayed no electroluminescent
response. The possible formation of homogeneous films
under thermal deposition conditions may be responsible, as
the observed emission was too dim to measure.

The EL of device 2 is shown above (Figure 13), however,
instead of white light emission, orange-EL was observed for this
device. Compared with the solid-state photoluminescence from
the previous studies, the SW peak at 400 nm disappeared in the
EL spectrum. A likely reason that can account for this
observation points to the SW emission of F-20CH; which
originates from a different but higher orbital energy level. The
estimated energy gap difference between the SW and LW
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Figure 13. Electroluminescence spectrum for device 2 and a photo of
the device in OLED operation

photoluminescence is about 1 eV. Therefore, with such a large
energy barrier (1 eV) it becomes difficult to inject electrons and
concomitant holes to this energy level. For device 1, a greenish
white light emission was observed, however, with a resulting EL
spectrum that was too low to record. From an atom economy
analysis, it is noteworthy that the observed EL spectrum from
the smaller heteroatomic architecture of F-20CH,
(C4,Hp3N,0O,F) is on par if not more broadly emissive than
rubrene (5,6,11,12-tetraphenyltetracene), a red-colored C,,H,g
polycyclic aromatic hydrocarbon, which displays an orange-
color EL.*

B CONCLUSIONS

To summarize, a two-part investigation was reported into the
excited-state properties of a series of N-aryl-2,3-NIs along with
fabrication and electroluminescence measurements of these
dyes. These N-aryl-2,3-NIs were chosen for their ability to
display two or more emission bands of equal parity; otherwise
known as panchromatic fluorescence. Upon gathering a series
of steady-state absorption and fluorescence spectra from these
2,3-NI derivatives in solvents of prescribed polarities and
complementary TD-DFT calculations, we found that the
absorption of light generated the rather exceptional S, and S,
excited states. Using the Lippert—Mataga analysis along with
TD-DFT calculations, the excited states were determined to be
n,7* and z,7*. This approach led to assigning the character of
the excited states at SW emission for F-OCH; to be a mixture
of n,z* and 7m,7*, and the character of the excited state at SW
emission for F-20CH; to be zz*. The character of LW
emission for both F-OCH; and F-20CHj; was less certain as
the Lippert—Mataga slopes were flat to slightly negative. While
some scatter was observed from the trend line analyses, it
should be noted that certain assumptions are made regarding
Lippert—Mataga analyses. One assumption, that the dye under
investigation is spherical in shape, may be relevant to these
studies since N-aryl-2,3-naphthalimdes feature a longer or high
aspect ratio relative to other fluorophores. The Lippert—Mataga
analyses on CI-NH, and NO,/CI-NH, was not available due to
their poor solubility in nonaqueous solvents. Using fluores-
cence lifetime measurements, we concluded that a mixture of
excited states comprises the SW emission of F-OCHj; and F-
20CHj;, and one dominant charge transfer character state
responsible for LW emission. These spectral characterizations
are supported by the excellent agreement between the
experimental absorption and emission maxima for all 2,3-NIs
with those calculated using TD-DFT method. The TD-DFT
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calculations on the geometries of the excited states indicated
that the excited state showed a planar structure. The origin of
both the SW and LW emission were correlated to specific
geometries such that the SW emission originates from an non-
planar or twisted structure in the excited state, and LW
emission originates from an excited state of coplanar structure.
For F-OCHj; and F-20CHj, which display dual fluorescence in
nonpolar solvents, free-rotation of the bond between the imide-
N—C-aryl ring was found to be critical toward producing dual
fluorescence. For CI-NH, and NO,/CI-NH,, which display
panchromatic emission in polar and protic solvents, solvent
stabilization through H-bonding is necessary toward displaying
panchromatic emission.

The quantum yields of these dyes in solid state decreased
significantly compared with studies carried out in solution. Low
quantum yield in the solid-state could be attributed to the poor
performance of OLEDs electroluminescence. Because of their
small architectures and low molecular weights, all of the dyes
investigated in this study readily formed good films under
ultrahigh vacuum deposition. The molecular energy levels of
these compounds (HOMO and LUMO) were measured with
cyclic voltammetry. Band gaps were also measured in both
electrochemical and optical methods and results indicate that
the HOMOs of these compounds matched well with the anode
(ITO work function), and their LUMOs matched well with the
cathode (LiF/Al). To fully study the electroluminescence of the
four dyes, we designed and fabricated three devices; two of
these are described within the Supporting Information. Of
these devices, the four-layer structure device displayed the best
performance in terms of parameters used to characterize EL.
The electroluminescent spectra of these devices also indicated
that the dual-fluorescence readily observed in solution,
disappeared in the solid-state. A plausible explanation appears
to stem from an inability to inject electrons to the higher
LUMO+1 orbitals; a process observed in the solution phase.
Hence, the short wavelength fluorescence peak, a key
component to panchromatic luminescence, disappeared in the
OLED device.
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